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ABSTRACT

The Versatile Electron Cyclotron resonance ion source for Nuclear Science (VENUS), located at Lawrence Berkeley
National Lab’s 88-inch cyclotron, extracts ion beams from a plasma created by ionizing a gas with energetic electrons.
Liquid-helium cooled superconducting coils produce magnetic fields that confine the plasma and high microwave
frequencies heat the electrons enough to allow for successive ionizations of the neutral gas atoms. The combination
of strong plasma confinement and high microwave frequencies results in VENUS’ production of record breaking ion
beam currents and high charge state distributions. While in operation, VENUS produces significant quantities of
bremsstrahlung, in the form of x-rays, primarily through two processes: 1) electron-ion collisions within the plasma,
and 2) electrons are lost from the plasma, collide with the plasma chamber wall, and radiate bremsstrahlung due
to their sudden deceleration. The bremsstrahlung deposited into the plasma chamber wall is absorbed by the cold
mass used to maintain superconductivity in the magnets and poses an additional heat load on the cryostat. In order
for VENUS to reach its maximum operating potential of 10 kW of 28 GHz microwave heating frequency, the heat load
posed by the emitted bremsstrahlung must be understood. In addition, studying the bremsstrahlung under various
conditions will help further our understanding of the dynamics within the plasma. A code has been written, using
the Python programming language, to analyze the recorded bremsstrahlung spectra emitted from the extraction
end of VENUS. The code outputs a spectral temperature, which is relatively indicative of the temperature of the hot
electrons, and total integrated count number corresponding to each spectra. Bremsstrahlung spectra are analyzed
and compared by varying two parameters: 1) the heating frequency, 18 GHz and 28 GHz, and 2) the ratio between
the minimum magnetic field and the resonant magnetic field, .44 and .70, at the electron resonant zone.

INTRODUCTION

The Versatile Electron Cyclotron resonance ion source
for Nuclear Science (VENUS), located at Lawrence Berkeley
National Laboratory’s 88-inch cyclotron, is the most advanced
superconducting ion source capable of using high frequencies and
high magnetic fields to produce a plasma from which ion beams are
extracted [1,2]. The capability VENUS has to produce high charge
state ion beams at record intensities makes it a vital instrument in
nuclear science research. Ion beams, like the ones produced by
VENUS, are used to conduct research in various realms such as
astrophysics, heavy elements and nuclear chemistry studies, and weak

interactions. Fully understanding its production mechanisms will
allow it to be run at its maximum potential and should be done
before its ion beams can be used as a source for such research.
Most Electron Cyclotron Resonance (ECR) ion sources,
including VENUS, rely on the superposition of solenoid and
sextupole magnetic fields for plasma confinement. VENUS, in
particular, has a strong plasma confinement since its magnetic
fields are produced using liquid-helium cooled superconducting
coils. The plasma electrons are resonantly heated up to several
hundred keV using microwave heating. In VENUS, the electron
heating is done using 18 GHz energy, produced by a klystron, or
28 GHz energy, produced by a gyrotron, or dual frequency 18
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and 28 GHz heating. Heating occurs as the free electrons absorb
the microwave energy. When the electrons have gained enough
energy, through microwave heating, they are capable of ionizing by
impact. Plasma ions are created through a step by step ionization
process involving collisions with the electrons. In addition to the
bremsstrahlung produced via electron-ion collisions, electrons that
are not perfectly confined in the plasma will collide with the wall
producing bremsstrahlung in the form of x-rays due to their sudden
deceleration. High energy x-rays can penetrate the plasma chamber
wall and be partially absorbed by the liquid helium surrounding the
coils. The cryogenics system can remove only a limited amount of
the heat from the cryostat. If more heat is added to the system than
can be removed, the temperature of the liquid helium rises and can
cause the superconducting coils to quench. The heating induced
into the cryostat by the absorption of the x-rays can reach several
W/kW. However the cryostat cooling system can only dissipate up
to 3 W. Therefore, careful attention must be given to the amount
of heat posed by the emitted bremsstrahlung before VENUS is run
at its maximum operating potential of 10 kW at 28 GHz.

As a result of previous studies of the VENUS emitted
bremsstrahlung, modifications have already been made to the
plasma chamber. A plasma chamber surrounded by 2mm of Ta
shielding was designed and implemented, and this reduced the
bremsstrahlung heat load by a factor of 10. However, the 2 mm of
Ta becomes transparent for x-rays with energies above 300 keV [2].
Data presented in this paper shows that under certain conditions
the bremsstrahlung far surpasses 600 keV where the 2 mm of
tantalum provide no shielding. The energy spectrum of the emitted
bremsstrahlung is indicative of the energy of the electrons within
the plasma and, as such, can reveal a lot of information about the
plasma’s properties, which are yet to be fully understood.

This paper presents studies done on the axially emitted
bremsstrahlung. The bremsstrahlung spectra and their spectral
temperatures, which are used as a relative indication of the
temperature of the electron energy distribution function [3], are
compared for different source parameters. In particular, microwave
power input, magnetic mirror configuration and confinement, and
resonant frequency heating are varied. Conclusions regarding their
effect on the electron heating are presented.

MATERIALS AND METHODS

Electron Heating in VENUS

The combination of three superconducting axial coils and six
superconducting radial coils surrounding the plasma chamber in the
VENUS design produce a plasma containment zone composed of
axial fields of up to 4T at injection and 3T at extraction, and radial
fields increasing radially outward everywhere to 2T at the chamber
wall. The superposition of the magnetic fields produced by the three
superconducting axial coils, an injection, middle, and extraction
solenoid, form the magnetic mirror structure. The magnetic mirror
structure shown in Figure 1a, characterized by the values B, , B, .,
and B, that create the desired confinement structure, is of particular
interest in this study. For the data presented, the current through
the three axial coils (at injection, center and extraction) was varied
to create the desired axial magnetic field in the center of the source
(B, as shown in Figure 6 while keeping the mirror peak fields
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Figure 1. (a) The magnetic mirror structure that helps to contain the
plasma is created by the three superconductive coils surrounding the
VENUS plasma chamber. The magnetic mirror structure is characterized
by the values B,y,, B, and Bgy. (b) A simple schematic of the
experimental setup is shown. The axially emitted bremsstrahlung first
passes through collimator 1, approximately 2.4 m after the extraction
end of VENUS. The bremsstrahlung is collimated a second time through
collimator 2 immediately before reaching the Nal photodetector. For
the combined bremsstrahlung and radioactive source spectra, the
radioactive source is placed directly before collimator 2 as shown above.
The total extraction-detection distance is approximately 4.6 m.

(B, and B

Ny EXT
frequency and the power input at each heating frequency.

) constant (see Figure 1a). Also varied were the heating

The electron’s Larmor frequency is shown in Equation 1:
_ m
Byer= (1)
where Q is the electron charge, m_is the electron mass, and @ is
the microwave heating frequency. Since VENUS uses 18 GHz or
28 GHz heating frequencies the electron resonant magnetic fields,
B or B, , according to Equation 1, are 0.64 T or 17T,

ECR, 18GHz, 28GH:z . .
respectively, and are also shown in Figure la. In other words, as

the electrons spiral along the magnetic field lines in the magnetic
mirror structure, when they encounter the resonant magnetic field
they can absorb energy and be heated. The heating of electrons is
necessary in order to ionize atoms and multiply ionize ions through
collisions. The recorded axially emitted bremsstrahlung spectra
primarily results from these ionizing collisions as well as electron
collisions with the chamber wall.

Bremsstrahlung Spectra Collection

The experimental set-up of the VENUS source and Nal detector
is shown in Figure 1b. The ions are extracted from the plasma at an
extraction energy of approximately 20 keV and transported through
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the analyzing magnet, after which the charge state distribution of
the ion species are measured. The x-ray radiation is observed axially
through the straight port of the analyzing magnet and collimated by
Collimator 1 about 2.4 m after the extraction aperture of the plasma
chamber, with which it is carefully aligned. Collimator 1 has an
acceptance angle of 0.2 degrees which represents a 14 mm diameter at
the extraction aperture. Since the extraction aperture is only 8 mm,
we are also detecting bremsstrahlung from electron collisions with the
plasma chamber extraction wall. Collimator 2 follows Collimator
1 by about 2 m. The sodium iodide (Nal) detector used to detect
the bremsstrahlung is placed directly behind Collimator 2. In sum,
the axially emitted bremsstrahlung is measured approximately 4.6 m
after the extraction aperture of the ion source.

The Nal detector is comprised of a 3x3 inch Nal scintillator
and a photomultiplier tube. In order to avoid detecting background
radiation, the Nal detector is surrounded by lead bricks. The Nal
scintillator absorbs the incident bremsstrahlung and, in turn, emits
photons proportional to the deposited energy. Each emitted photon
is collected by the photomultiplier which converts it into an electrical
pulse and amplifies it through a series of stages. Finally, the amplified
pulse is recorded by a multi-channel analyzer (MCA). The MCA
sorts each pulse according to its amplitude, which is proportional to
the energy of the initial photon, and assigns each pulse to a channel.
As pulses, referred to as counts, continue to arrive they are assigned
to the appropriate channel depending on the amplitude of the pulse.
The final output of the MCA is a channel versus count graph and
in order to obtain the desired energy versus count graph, calibration
of the detector is required. The detector is calibrated by placing a
radioactive isotope source with known energy peaks directly before
the detector. Although the temperature drift of the detector was
measured to be less than 2% for a temperature change of 10 degrees,
and the change of the detector’s internal energy calibration due
to count rate change was found to be less than 1% when varying
the count rates from 800 Hz to 30,000 Hz, the internal energy
calibration of the detector can drift by a few percent over several
days of operation, which we were unable to eliminate. As a result,
the detector is recalibrated for each measured spectrum to avoid
errors and two spectra are recorded at each setting: 1) a combined
bremsstrahlung and radioactive source spectrum, similar to that
shown in Figure 2a, and 2) a pure bremsstrahlung spectrum, similar
to that shown in Figure 2b.

The recorded bremsstrahlung spectra are analyzed using
a code written in Python [5]. In order to obtain a calibrated
bremsstrahlung spectrum the code subtracts the bremsstrahlung
spectrum from the combined bremsstrahlung and source spectrum,
leaving a radioactive source spectrum as shown in Figure 2¢c. The
subtraction is one-to-one with respect to channel and assumes
that the Nal detector’s internal energy calibration has not drifted
in the short amount of time between recording the combined
spectrum and the pure bremsstrahlung spectrum. In order to find
the maxima on the radioactive source spectrum’s peaks a number
of things must be done. First, corrections must be made to the
height of each peak since the peak is superimposed on a continuum
of background counts. The background counts that appear in the
spectra may be due to a number of things, including the radiation
emitted from the adjacent Advanced ECR source (AECR), and

Compton scatter peaks, plateaus and backscatter peaks resulting
from the partial absorption of the bremsstrahlung by the Nal
scintillator and surrounding materials. Future work will focus on
correcting the spectra for detection efficiencies. The code makes a
linear approximation to the background surrounding each peak and
subtracts it, as shown in Figure 3. Once the background has been
subtracted, a Gaussian fit is applied to the source spectrum peaks.
Since there is a large amount of fluctuation in the photon energy
emitted by the Nal scintillator for every incident photon energy,

a Gaussian fit is appropriate [6]. Due to statistical fluctuations,
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Figure 2. Semi-Logarithmic plots of (a) a combined bremsstrahlung and
radioactive source spectrum, (b) a pure bremsstrahlung spectrum, and
(c) a pure radioactive source spectrum. The pure radioactive source
spectrum is the result of the bremsstrahlung spectrum being subtracted
from the combined spectrum.
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Figure 5. The Python code calibrates the bremsstrahlung spectra.
The calibration is a linear relationship between channel and energy
as shown here.

simply searching for the channel with the highest count number
would lead to an incorrect calibration. Using the Gaussian fit to
the peaks, the program finds the correct radioactive source peaks
and assigns the appropriate energies to the corresponding channels.
An example of an incorrect peak determination and a Gaussian
fit used to correctly identify the peak is shown in Figure 4. Since
each channel represents an energy value a linear calibration is then
obtained, such as shown in Figure 5. The data presented in this
paper was calibrated using only the 569.7 keV and 1063.7 keV
gamma peaks of Bismuth-207.

Once a spectrum has been calibrated, its spectral temperature, 77,
is obtained. The spectral power, j, emitted is proportional to frequency:

j(@) = expl2]

where /i is Planck’s constant, @ is the photon frequency, and k is
Boltzmann’s constant [7]. Using a semi-logarithmic representation
of the data a least-squares fit is applied, from which the inverse of
the slope is taken to represent the spectral temperature, 7. For the
spectra discussed in this paper, two energy ranges are used to find
T and T5: 1) 60-120 keV and 2) 120-200 keV, respectively. In
addition to the 7}, the Python code also integrates the spectra for
each energy range to give the total counts.

REesurrs

Electron Heating as a Function of Magnetic Field Gradient at
Resonance Zone

The plasma is confined by the axial and radial magnetic fields.
Together the B, B, ., and B, axial magnetic fields make up the
magnetic mirror structure. In order to see the effect that varying
one of these parameters has on the hot electron population, the
minimum B-Field, B, , was varied while B, and B, were held
constant. While B, was varied, only 28 GHz heating was used.

B
Using two B, values, 0.44 T and 0.70 T, we obtained two BML
ECRM;/IZ
ratios: 1) .44 and 2) .70. The .44 ratio represents a steep magnetic

field gradient at the resonant magnetic field surface while a 0.70 ratio
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Figure 6. A close look at where the magnetic mirror structures for
B B
—MIN_— a4 and 52 = 70 intersect the 28 GHz resonance zone
ECRosc1, EC.RZK(;HZ ) 3
shows that the .70 ratio has a shallow gradient relative to the steeper
.44 ratio.
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represents a shallow magnetic field gradient. Figure 6 shows the
magnetic mirror structure for these two values and from this figure
one can see that the gradient at resonance for a .70 ratio is more
shallow than the .44 ratio. Table 1 shows the coil current settings
used to produce the magnetic mirror configurations for each ratio.
The recorded spectra are shown in Figure 7.

Electron Heating as a Function of Microwave Frequency

In order to see the effect that increased microwave frequency
has on the hot electron é)opulation, spectra for both 18 GHz and

28GHz were taken at 52— and BM’N ratios of .47 and .70.
ECR/NGI/Z ECR,’??GI/Z
44 Inj Min Ext .70 Inj Min Ext
Current (A) | 185 153 154 Current (A) | 185 13 154
B-Field (T) 338 | 044 | 216 B-Field (T) | 3.46 | 0.70 | 2.23

Table 1. Solenoid current and magnetic field parameters used to

MIN_ atios of .44 and .70. The fields

ECRos61: .
By, and Bg,; are held constant to see the effect varying B,y has on the
hot electron population.

compare 28 GHz spectra for
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ECRgGH:
.70 ratio shallow magnetic field leads to more efficient heating since more
electrons reach higher temperatures at lower 28 GHz power inputs.

Figure 7. (a) Bremsstrahlung spectra for

The .70 ratio spectra are shown in Figure 8 and the .47 ratio spectra
are shown Figure 9. The 18 GHz spectra are compared to 28 GHz
spectra at equivalent ratios. So that the 18 GHz power input remains
comparable to the 28 GHz power input in terms of magnetic mirror
structure, the 18 GHz current settings used to create the magnetic

fields where scaled down by a factor of 55 . Table 2 shows the coil
current settings used to produce magnetic mirror structures for each
ratio at 18 and 28 GHz power inputs.

DiscussioN AND CONCLUSIONS

Electron Heating as a Function of Magnetic Field Gradient at
Resonance Zone

A comparison of the spectra obtained with steep and shallow
MIN

gradients, or ratios of .44 and .70, respectively, suggests

ECRZNGHZ
that a shallow gradient at resonance leads to more efficient electron

heating. Therefore, higher electron energies can be reached. A
shallow gradient allows the electron to remain in the vicinity of
the resonance zone for a longer period of time, allowing it to gain
more energy. Simulations have shown that the amount of speed
gained by an electron in the resonance zone seems to decrease as the
square-root of the gradient [8].
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Figure 8. (a) 28GHz bremsstrahlung spectra for =.70.
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(b) 18 GHz bremsstrahlung spectra for MIN_— 70. The 18 GHz
ECRsGH: 18

magnetic fields are scaled down from 28GHz by a factor of 78 in order
to achieve equivalent magnetic mirror structures.
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Figure 10 directly compares a .44 ratio spectrum to a .70 ratio
spectrum, each at 3 kW of 28 GHz, by indicating the spectral
temperature. The spectral temperatures for both ranges, Ts,
(60-120 keV) and TSZ (120200 keV), for the .70 shallow ratio at
resonance are greater than the .44 steep ratio by about 17% and 25%,
respectively. In addition, the increase in spectral temperature when
going from a steep to a shallow magnetic field gradient presents an
increased amount of heat deposited onto the cryostat surrounding
the plasma chamber. The increase in the amount of heat deposited
is supported by the increased counts observed for .70 shallow ratio
at each input power, shown in Figure 11. The integrated number
of counts for a .70 shallow ratio spectrum is greater by about 50%,
or more, at 2 kW of 28 GHz power, and by about 200% at 4 kW of
28 GHz power. These results support simulations which show that
electron energy increases with decreasing magnetic field gradient at
the resonance zone [9].

Electron Heating as a Function of Microwave Frequency

New generations of ion sources strive for higher microwave
frequency capabilities. Since plasma density scales with the
square of microwave frequency and magnetic field confinement
scales linearly with microwave frequency, higher frequencies are
desired [10]. A consequence of increased plasma density at higher

A x10° e T T T T T T T T T A4 Inj | Min | Ext .70 Inj | Min | Ext
F — ?gt&; 28GHz Current (A) | 189 | 158 | 163 || 28GHz Current (A) | 185 | 113 | 154
lst:_ LSkW] - | 28GHz B-Field (T) | 3.48 | 0.46 | 2.29 || 28GHz B-Field (T) | 3.46 | 0.70 | 2.23
Y g 18GHz Current (A) | 122 | 102 | 105 || 18GHz Current (A) [ 118.6 | 72.4 | 98.7
é M 18GHz B-Field (T) | 2.23 | 0.30 | 1.47 || 18GHz B-Field (T) | 2.22 | 0.46 | 1.43
% 1x10'E E
E E E Table 2. Solenoid current and magnetic field parameters used to
v C compare spectra for 18 GHz and 28 GHz heating frequencies. 18 GHz
Ix10°E - and 28 GHz spectra are recorded for BMIN ratios of .47 and .70. The
18 GHz magnetic fields are scaled dowfﬂgrom 28 GHz by a factor of
B
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IXI0770"j00 200 300 400 500 600 700 800 900 1000 structures. ~ECR
Energy (keV)
b |x|0°5 T T T T T T T T T T 1x10°
F — 0.5kW
1.0kW
" 1.5kW X
1x10°F E 1x10°
$ xi0te E 2 110t
= F =
1><103§— 3 1x10°
1x10° =L | | 1 ! 1 | ] 1 - 1107 1 1 1 ] ]
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 700 800 900 1000
Energy (keV) Energy (keV)
Figure 9. (a) 28 GHz bremsstrahlung spectra for MIN g7 (b) Figure 1% Shown is a direct comparison of a steep magnetic field
B ECRoscre - MIN _ e : MIN. _
18 GHz bremsstrahlung spectra for 4= 47. The 18 GHz magnetic gradient, Brcx .44, and a shallow magnetic field gradient, Brcx .70,
ECR561: i i i
fields are scaled down from 28 GHz by a factor of% in order to achieve s equn{algnt power [RUENLE comparison shows' e
equivalent magnetic mirror structures. magnetic field gradient leads to more efficient heating. The spectral
temperatures, Tg (60120 keV) and Ts, (120-200 keV), for each ratio

are indicated and show that electrons present in a shallow magnetic
field achieve higher temperatures.

frequencies is an increased hot electron population and, as such, an
increase in the amount of electrons lost from the plasma. 18 and
MIN

28GHz bremsstrahlung spectra recorded for ratios of .47 and
.70 show that the difference in emission between 18 and 28 GHz
B

MIN ratios of .47 and .70 the number of

hot electrons increases sign}i(ékcantly when going from 18 to 28 GHz
heating frequencies. This is shown in Figures 8 and 9 where the
28 GHz spectra extend to higher energies.

is significant. For both

MIN

Figure 12 shows that for a ratio of .70 the spectral

temperature does not change when power input is increased. This
is also true for the .47 ratio spectral temperatures. As power is
increased, the spectrum shape does not change but only shifts
upward, suggesting an increase in plasma density, and the slope
remains the same, reflecting a constant spectral temperature.
Interestingly, when the ratio of 28 GHz to 18 GHz counts is taken
for the range 60120 keV, the .47 ratio case shows a constant increase
in counts by a factor of about 2.3 as power input increases, while
the .70 case shows an increase in counts by a factor of 1.6. The
reason for this remains unclear. Figure 13 shows a direct comparison
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between 18 and 28 GHz heating, each at 1.5k W of input power,

B
for both BMIN ratios of .47 and .70. For both cases, the spectral
temperaturEeC “in either range increases significantly for 28 GHz

heating, indicating an increased hot electron population. These
results support simulations which have concluded that electron
energy increases with microwave frequency [9].

Concluding Remarks

VENUS, which has already produced record breaking ion
beam currents and high charge state distributions, has yet to reach
its maximum operating potential. In order to prevent failures as its
performance is gradually improved and tested, it is important to take
advantage of the diagnostic capabilities the emitted bremsstrahlung
can provide. The information provided by the bremsstrahlung is
most valuable when accurately analyzed. As such, computer code
was developed to extract values such as spectral temperatures and
integrated count numbers under various operating conditions.
Future work will focus on correcting the spectra for detector
efficiencies which may affect these values.
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Figure 11. The integrated counts, for the energy range of 60—120 keV,
increases with increasing power input as well as with a decreasing
magnetic field gradient.
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=.70 ratio are shown. As the 28 GHz power input

The presented axially emitted bremsstrahlung spectra primarily
represent electrons which have been lost from the plasma at the
extraction end of the plasma as well as bremsstrahlung emitted from
the plasma in the direction of the extraction aperture. Although the
axially emitted bremsstrahlung is not an adequate representation of
the bremsstrahlung emitted at all surfaces of the plasma, it does give
insight into the electron energy distribution of the plasma. The setup
of VENUS prevents studies of radially emitted bremsstrahlung, and
so an overall determination of the electron losses is not yet known.
However, a few conclusions can be drawn from the experimental
data obtained. First, a small magnetic field gradient at the electron
resonant zone leads to more efficient electron heating. Increasing
the power input increases the density of electrons, but has no or very
lictle effect on the electron energy distribution function. Increasing
the microwave heating frequency also leads to more efficient electron
heating and increases the mean electron energies.
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Figure 13. (a) 18 and 28 GHz bremsstrahlung spectra with 1.5 kW

power input at %;70. (b) 18 and 28 GHz bremsstrahlung spectra
ECR

MIN - 47. The 18 GHz magnetic fields are
ECR
scaled down from 28 GHz by a factor of 18 in order to achieve equivalent

magnetic mirror structures. The spectral temperatures, Ts, (60-120 keV)
and Ts,(120-200 keV), for each heating frequency are indicated.

with 1.5 kW power input at
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